>  -- 

AECD  -  2471 

(ladc  -  601) 


UNITED  STATES  ATOMIC  ENERGY  COMMISSIO 


RANGE  DISTRIBUTION  OF  THE  CHARGED  PARTICLES  FROM  THE  D-D  REACTIONS 

FOR  10-MEV  DEUTERONS; 


DIFFERENTIAL  ELASTIC  SCATTERING  CROSS  SECTION  AT  40  DEGREES,  60  DEGREES, 
AND  80  DEGREES  IN  THE  CENTER  OF  MASS  SYSTEM 


rs  lx  L-wr  f 

NAVY  SF.GT50F 


ncn  civ-siow 

yBIxF;  CONGBFSE 

TO  B';  RrlURMEf^ 


Louis  Rosen 
Francis' K.  Tallmadge 
John  Ho  Williams 


Los  Alamos  Scientific  Laboratory 


HAVY  RESEARCH  SECTION 
SCIENCE  DIVISION 
REFERENCE  DEPARTMENT 

LIBRARY  OF  CONGRESS 


This  document  is  reproduced  as  a  project  report  and 
is  vithout  editorial  preparation.  The  manuscript  has 
been  submitted  to  The  Physical  Eeviev  for  possible 
publication. 


Date  Declassified s  February  19^9 


Issuance  of  this  doc-ument  does  not  constitute 
authority  for  declassification  of  classified 
copies  of  the  same  or  similar  content  and  title 
and  by  the  same  authors* 


iQx  piiDhc  rek?Qsc5|  | 


Technical  Information  Branchy  Oak  Kidge,  Tennessee 
AEC^  Oak  Ridge ^  Tenn. 9-21-49-=850-A6009 


19970313  128 


BANGE  BISTBIEGT'TOl  OF  THE  CEMGm  PABTIGIES  FROM  -THE  D-D  EEACTI0N3 

FOE  10=MS¥  DEIII!EEO®s 

DIFFEHEffiMAL  EMSTIG  SCATTEBING  CROSS  SECTIOI3'  AT  kO  DEGREES^  60  DEGREES^ 


AEO  80  DEGREES  IN  THE  CllYIISR  OF  MASS  SYSTEM 


By  Louis  Bosen,  Francis  Ko  TalJjnadge^  and  Jokn  Ho  Wllliaras’^- 


ABSTRACT- 


Micropliotograplii.c  tecimigues  have  been  used  to  obtain  the  range 
distribution  of  the  charged  paxticles  resulting  from  the  D-B  reactions 
at  center  of  mass  angles  of  40  degrees^  60  degrees^  and  80  degrees  for 
10-Mev  deuteronso  At  80  degrees  all  of  the  groups  of  charged  particles 
from  these  reactions  are  cleahly  resolved c  The  differential  B-D  elastic 
scattering  cross  sections  have  bean  obtained  for  the  sajna  angles  and 
for  these  angles  the  cross  sections  per  .xinlt  solid  angle  in  the  center 
of  mass  system  are  in  the  ratios  of  loOOt  0o51“  0ok2y  respectivelyo 

* 

Fhotographic  plate  detectors  were  utilized  to  obtain  the  ra:oge 
distribution  of  tlia  charged  particles  resulting  from  the  D-D  reactions 
and  also  to  make  absolute  determinations  of  the  D-D  elastic  scattering 
cross  section  at  ajigles  of  20  degrees^  30  degrees,  and  kO  degrees  with 
respect  to  the  incident  beam  In  the  laboratoiry  system  for  lO-Mev  deii- 
terons  from  the  Los  Alamos  cyclotroxio  The  general  instromentation  for 
this  paper  is  the  same  as  that,  described  in  a  forthcoming  paper  by' 
C'urtiS;,  Fowler^'  and  Rosen  en1;itled  ”Instrxixnentation  for  Nuclear  Studies 
with  E:F;terrially  Focused  Deutron  Beam  from  10-Mev  Cyclotroru’'*  The  ex¬ 
perimental  arrangement,  is  given  in  Figures  1,  and  2o  The  experiment  con¬ 
sisted  of  boribardiiig  thin  gas  targets  with  10-Mev  deutrons  and  simul¬ 
taneously  recording  on  photographi.c  plates  the  nuiabex'  and  ranges  of  the 
disintegration  parti.cles  and  scattered  deuterons  emitted  into  a  known 
solid  angle  in  a  given  directiono 

Deuterium  gas  of  99 o 6  per  cent  purity  at  an  accurately  determined 
pressur^e  in  the  region  of  20  cm  mercury  was  contained  in  the  gas  targets 
by  thin  mica  windows  “^beam.  entrance  and  exit  windows  and  on©  window  on 
each  side  of  the  target  for  the  emergence  of  the  scattered  deuterons  at 
the  desired  angle  (in  the  case  of  the  ^0-degree  target  only  one  such 
wu.ndow  was  used  for  the  emergence  of  the  scattered  particles )  o  The  beam._, 
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focused  at  approximately  the  center  of  the  ga^  target ^  was  dlaphragmed 
to  a  diameter  of  one -fourth  inch  immediately  in  front  of  the  targets  By 
using  additional  slits ^  the  beam,  was  defined  to  an  angular  divergence  of 
,1.2  degrees  in  the  horizontal,  direction  and  O085  degree  in  the  vertical 
direction.  Coulomb  scattering  by  the  entrance  target  windows  never 
caused  more  than  2.5  per  cent  of  the  incident  deuterons  to  be  scattered 
through  an  angle  greater  than  1..0  degree.  The  deuteron  current  which 
passed  through  the  target  was  collected  in  a  9  inch  long  Faraday  cage 
and  integrated  with  an  e,lectronic  current  integrator. 

Three  different  gas  targets  were  used,  one  for  each  of  the  angles 
investigated,  the  scattered  deuterons  being  simultaneously  recorded  by 
two  cameras,  one  on  each  side  of  the  target,  with  the  exception  of  the 
40-degree  target  for  which  only  one  camera  was  used.  Each  camera  con¬ 
tained  a  100-micron  Ilford  C-2  plate  which  was  prevented  from  seein.g  the 
beam  by  a  thin  aluminum  window  a,t  the  front  of  the  camera.  The  plates 
made  angles  of  approximately  J  degrees  with  the  axes  of  the  slit  systems. 

The  cameras  were  set  at  accurately  determined  angles  with  respect 
to  a  0“l80“degree  line,  which  line  corresponded  to  the  axis  of  the  beam 
direction  to  within  O.3  degree.  The  angular  resolution  of  the  camera- 
target  slit  system  geometry  (Figure  2)  was  ±0.45  degree  for  the  30-degree 
target, iOoTO  degree  for  the  20-degree  target  and  ±  O.36  degree  for  the  40- 
degree  target.  When  the  scattered  deuterons  were  simultaneously  recorded 
on  each  side  of  the  target,  as  was  the  case  for  the  20-degree  and  30- 
degree  targets,  both  the  energy  and  the  direction  of  the  beam  were  de¬ 
termined  from  the  mean  ranges  of  the  deuteron  groups.  By  using  the  rau-ge- 
energy  relations  given  by  Lattes,  Fowler,  and  Ouer^-  and  making  allowance 
for  the  loss  in  range  which  the  particles  suffer  in  traversing  the  target 
window,  target  gacS,  and  camera  window  the  average  energy  of  the  beam  pre¬ 
vailing  during  all  the  exposure  was  calculated  to  be  10.0  Mev  ±0.3  Mev 
at  the  center  of  the  gas  targets. 

The  cai.cuiation  of  the  directJ.on  of  the  beam  which  prevailed  during 
the  exposures  accurately  determine  the  mean  scattered  deuteron  ranges  at 
two  angles  with  respect  to  the  incident  beam  (see  Figure  6).  '  These  deter¬ 
minations  were  mde  by  the  same  observer  using  the  same  equipment,  and  two 
sets  of  tracks  having  been  recorded  on  plates  which  came  from  the  same  box.  . 
Under  such  conditions  the  ratio  of  the  mean  ranges  could  be  determined  to 
an  acciuracy  of  ±  1.5  per  cent.  It  should  be  pointed  out  that  it  is  necessary 
to  know  neither  the  absolute  ranges  nor  the  absolute  value  of  the  energy  in 
order  to  accurately'  determine  the  beam  direction  from  this  method,  for  from 
Figure  2.i 

(  e)  cos^  e , 


E./H2 


K  E  Cos^  {(})  -6) 
2  o  ■ 

K-,/Ko  X  Cos^  (  0  ) 


wiiere  incident  deuteron  energy  at  center  of  target,  and  R2  are  the 

raiLges  of  the  deuterons  at  thel.r  respective  angles,  corrected  for  the  ab¬ 
sorbers  between  the  center  of  the  target  an.d  the  photographic  plate,  and 
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K1/K2  is  determined  from  the  range -energy  relations.^  The  direction  of 
-'he  beam,  determined  in  this  manner  for  the  30-degree  point  was  calcnlated 
to  be  accurate  to  i  0.25  degree.  The  beam  maintained  this  direction 
during  the  20“degree  exposures  and  waS;  therefore ^  assumed  to  have  this 
same  direction  during  the  il»0-degree  exposiores. 

The  experimental  procedure  for  making  the  range  and  cross  section 
measurements  was  quite  simple  and  straightforward.  It  consisted  of 
lining  up  the  cameras  with  respect  to  the  center  of  the  target  and  axis  of 
the  beam^  p'umping  down  the  vacuum  chamber.,  Figure  2;  and  then  turning  on 
the  cyclotron  with  the  focus  magnet  off ^  thus  preventing  the  beam  from 
reaching  the  scattering  chamber  during  the  "warm-up”  period.  When  a 
steady  external  beam  of  the  proper  magnitude  was  obtained^  the  focus  magnet 
was  turned  on  and  a  beam  of  approximately  0.2  microampere  was  permitted  to 
pass  through  the  target.  With  such  a  beam  an  exposure  of  1  to  3  minutes 
gave  ample  track  density  in  our  geometry. 

The  gas  temperature  in  the  target  was  taken  to  be  the  same  as  the 
temperature  of  the  water  cooling  the  target.  Since  the  cyclotron  was  on 
for  a  very  short  time  this  temperature  never  changed  measurably  during  an 
exposure. 

Since  many  particles  besides  elastically  scattered  deuterons  are 
produced  when  high  energy  deuterons  impinge  upon  a  deuteriiun  target- 
protons  and  tritons  from  the  reaction  D  +  D  >h3  f  H^;  He-^  particles  from 
the  D  +  D^^He3  4-  n  reaction  and  protons  from  the  disintegration  of  the 
deuteron  (Q  =  -2.2  Mev) ,  it  was  thought  desirable^  in  order  to  accurately 
determine  the  D-D  scattering  cross  section^  to  make  range  analyses  of  the 
charged  partic3.es  which  come  off  at  each  of  the  angles  investigated.  Only 
tracks  starting  on  the  surface  of  the  emulsion  and  traveling  in  the  proper 
direction  were  inc.luded  in  this  range  analysis^  thus  effectively  elimina¬ 
ting  all  background  due  to  neutrons  as  well  as  all  c.harged  particle  back¬ 
ground  which  did  not  originate  inside  the  target.  It  was  necessary  to 
eliminate  about  2  per  cent  of  the  tracks  which  started  on  the  surface  of 
the  emulsion  because  they  did  not  travel  in  the  proper  directiono  These 
tracks  were  caused  by  particles  which  either  did  not  originate  inside  the 
gas  target  or  else  suffered  scattering  by  the  slit  systems.  In  either 
case  the  tracks  due  to  such  particles  were  Justifiably  eliminated.  The 
probability  of  the  change  of  direction  of  scattered  deuterons  by  coulomb 
scattering  in  the  target  and  camera  windows  and  in  the  target  gas  to  such 
an  extent  that  they  would  not  be  counted  was  calculated  to  be  comp3.etely 
negligible.  Figures  3;  Q-i^d  5  give  the  results  of  range  analyses  at 
laboratory  angles  of  40.3  degrees^  30-0  degrees^  and  20^1  degrees  with 
respect  to  the  incident  beam,  direction.  All  of  the  charged  particle 
groups  from  the  D-D  reactions  are  seen  to  be  clearly  resolved  at  40  degrees. 
At  20  degrees  the  triton  peak  cannot  at  all  be  resolved,  from  the  deuteron 
peak^  for  at  this  angle  the  mean  ranges  of  the  two  groups  of  partic3.es 
differ  by  only  2.5  per  cent.  It  should  be  pointed  out  that  some  of  the 
tracks  in  the  region  of  low  range  were  undoubtedly  caused  by  the  scattering 
of  deuterons  from.  t.he  walls  of  the  target.  Others  of  these  low  energy 
range  tracks  were^  however ^  probably  caused  by  protons  arising  from 
deuteron  disintegration.  Tlie  various  groups  are  labeled  with  the  particles 
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producing  them  and  ■with  their  calculated  residual  ranges*  in  the 
emulsion.  The  energy  widths  at  half  maximum  of  the  deuteron  peaks 
are  approximately  3  cent  which  is  quite  close  to  what  one  expects 
from  the  geometry  in  these  experiments.,  The  resolution,  therefore, 
appears  to  be  much  superior  to  what  one  might  expect  from  counters 
in  a  comparable  energy  region.  From  such  a  range  analysis  it  is  a. 
simple  matter  to  determine  with  rather  high  precision  the  total  number 
of  tracks  which  are  due  to  elastically  scattered  deuterons.  (At  20 
degrees  a  2  per  cent  correction  was  applied  for  the  tritons  which 
were  coimted  in  the  deuteron  peak.)  Having  made  such  a  determination, 
the  procedure  was  adopted  of  counting  all  tracks  originating  in  a  . 
swath  of  accurately  known  width,  again  counting  only  tracks  which  . 
originated  on  the  surface  of  the  emulsion  and  proceeded  in  the  proper 
direction.  The  charged  particles  coming  from  the  target  were  col¬ 
limated  by  two  slits  of  accurately  known  dimensions,  which  slits  were 
sufficiently  narrow  so  that  all  the  tracks  in  a  swath  were  clustered 
approximately  at  the  center  of  the  plate. 

In  order  to  make  an  absolute  cross  section  determination  it 
was  necessary  to  accurately  determine  the  following:  (l)  the  number 
of  tracks  per  swath,  width  of  swath,  diameter  of  slits  and  their 
relative  geometry  with  respect  to  the  center  of  the  plate  and  the 
center  of  the  target,  (2)  the  number  of  gas  atoms  per  unit  vol-ume, 
and  (3)  the  angle  of  the  axis  of  the  slit  system  with  respect  to 
the  incident  deuteron  beam  and  the  integrated  beam  current.  The 
equation  giving  the  absolute  cross  sections  in  terms  of  the  foregoing 
considerations  was  developed  by  Dr.  C.  L.  Critchfield.  The  geometrical 
factors  which  enter  into  this  equation  for  the  30“^®g3ree  points  are 
illustrated  in  Figure  6.  The  equation  is  as  follows: 


k-  abw 
LI  sin  6 


Y  =  N  I  a  (  0 )  n^ 

a^  +  b^  =  +  b^  cot  Of 

2X2  312 

m  [cot  a  -  cot  d] 


(2) 


+ 


31^ 


(m  +  1)  [cot  Ot  -  cot  0] 

^  L 

Y  =  number  of  tracks  appearing  on  a  swath  of  width  w, 

N  =  number  of  incident  beam  particles  that  passed  through  the  target « 
n^  =  number  of  scattering  centers  per  unit  volume  o  ,, 
a  ( 0  )  =  differential  cross  section  in  laboratory  system. 

By  diaphragming  the  scattered  particles  so  that  they  are  con¬ 
centrated  about  the  center  of  the  plate,  the  necessity  for  making 
accurate  measurements  of  the  angle  that  the  surface  of  the  emulsion 
makes  with  the  direction  of  the  scattered  deuterons  was  eliminated. 


(3) 


*  Eange  which  particle  has  left  after  passing  through  the  absorbing 
materials  in  its  path  on  the  way  to  the  detector— gas,  mica  window 
in  target,  and  a.l,uminum  window  in  camera. 
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This  techjilq[ue  also  essentially  eliminated  errors  due  to  surface 
irregularities  in  the  emulsion. 

The  errors  in  the  measurements  which  enter  into  the  cross 
section  determination  (equation  2)  were  determined  to  he  as  follows ’ 


Quanti* 


Error  (^) 


Y 

±3.5 

ab 

±1.5 

w 

+  1.0 

L 

±2.0 

0. 

+  1.0 

n 

±0.5 

±3.5 

Since  the  first  term  in  the  expansion  for  I  (equation  3)  determines 
approximately  99-5  cent  of  this  quantity  for  our  geometries^  the 
remaining  terms  need  not  be  considered  as  far  as-  errors  are  concerned. 

It  is^  therefore;  seen  that  the  EMS  of  all  the  above  errors;  which 
enter  linearly  into  our  cross-section  determination  is  approximately 
+  5*5  ps-1^  cent. 

The  gas  used  was  specified  as  99-6  per  cent  pure  by  the 
manufacturer.  As  a  check  on  the  purity  with  respect  to  heavy  atoms  (i.e. 
O2  and  1^2)^  it  should  be  pointed  out  that  in  Figure  5  deuterons  scattered 
by  such  atoms  would  have  formed  a  peak  at  3^8  i  7  microns  and  deuterons 
scattered  by  protons  would  have  formed  a  peak  at  193  i  ^  microns .  It  iS; 
therefore;  seen  that  the  number  of  tracks  due  to  scattering  from  heavy 
nuclei  for  which  the  coulomb  scattering  cross  sections  would  be  many  time 
the  D-D  cross  section  (the  coulomb  scattering  cross  section  for  O2;  for 
example;  being  l4-o5  x  10 cm^)  indicates  that  the  total  amount  of  im¬ 
purities  j.n  the  D^  gas  from  heavy  elements  is  completely  negligible.  For 
D-P  scattering;  on  the  other  hand;  the  cross  section  at  20  degrees  is 
probably  about  one-third  the  D«D  cross  section.  If  this  be  sO;  it  woul,d 
indicate  a  maxlm^jm  hydrogen  impurity  of  less  than  1  per  cent;  in  good 
agreement  with  the  manufacturer's  specifications. 

Several  of  the  plates  were  analyzed  by  two  observers  using  dif¬ 
ferent  microscopes  and  calibration  equipment.  It  was  a  gratifying 
verification  of  the  method  to  find  that  the  number  of  tracks  recorded 
per  unit  swath  width  always  agreed  to  within  the  statistical  accuracy 
of  the  determinations. 

The  results  for  the  D-D  scattering  cross  sections  are  given  in 
Tab.le  .1.  Figure  7  gives  the  differential  cross  section  values  as  a 
function  of  angle  in  the  center  of  mass  system  and  also  the  differential 
crosss  sections  for  coulomb  scattering  as  a  function  of  angle  in  the  same 
coordinate  system.  The  differential  cross  section  points  appear  to 
fall  on  a  curve  similar  to  the  one  obtained  by  Guggenheimer ;  Heitler; 
and  Powel^  for  6.5“Mev  deuterons. 


6 


AECD  -  2)VJ1 


Table  1.  D-D  scattering  cross  sections  per  unit  solid  angle  in  the 
laboratory  and  center  of  mass  coordinate  systems. 
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{6 

)  (cm^ 

4>  (C.M.) 

a  ( 

<^)  (cm^) 

40.3° 
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± 

0.020 

X, 

10' 

-24 

80.6° 
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0.4° 
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±  0.006  X 

10' 

-24 

30.0° 

+ 

0.25° 

0.444 

± 

0.027 

X 

10' 

-2k 

60.0° 

± 

0.4° 

0.128 

±  0.008  X 

10" 

-24 

29.5° 

± 

0.25° 

0.450 

0.027 

X 

10’ 

-2k 

59.0° 

± 

0.4° 

0.131 

±  0.008  X 

10' 

-24 

20.1° 

± 

0,2^ 

0.955 

± 

0.055 

X 

10' 

-24 

40.2° 

+ 

0,4° 

0,254 

±  0.015  X 

10' 

-24 

19.7° 

± 

0.25° 

0.960 

± 

0.060 

X 

10‘ 

-24 

39.4° 

± 

0.4° 

0.255 

±  0.0l6  X 

10' 

-24 
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